We cloned the sequence encoding murine interleukin-4 (mIL-4), including the secretory signal, into the genome of CVB3/0, an artificially attenuated strain of coxsackievirus B3, at the junction of the capsid protein 1D and the viral protease 2Apro. Two strains of chimeric CVB3 were constructed using, in one case, identical sequences to encode 2Apro cleavage sites ( 
The six serotypes of the group B coxsackieviruses (CVB1 to CVB6) are human enteroviruses (23) . The 7,400-nucleotidelong CVB genome encodes 11 proteins in a single open reading frame (ORF). The viral proteins are processed by the two viral proteases, termed 2Apro and 3Cpro (reviewed in references 53 and 61). The CVB induce both humoral (including mucosal) and cell-mediated antiviral immunities in humans as well as in mice (7) (8) (9) 27) . CVB replicate in diverse human, primate, and murine cell cultures as well as in all mice and can induce myocarditis and pancreatitis in mice, both inflammatory diseases that closely resemble the human counterparts (24, 29, 56, 59, 69) . Murine and human cells can express the receptor that is used by the CVB to bind to and enter cells (CAR, or coxsackievirus adenovirus receptor); the two proteins are similar in sequence (10, 11, 13, 14, 68) .
Enteroviruses can be engineered to express foreign antigenic epitopes and larger polypeptides in a variety of ways. Shortly after elucidation of the capsid structures for poliovirus type 1 (PV1) (28) and human rhinovirus type 14 (60), short antigenic peptides were expressed in exterior capsid protein loop domains of a variety of human picornaviruses (1, 5, 18, 20, 38, 43, 47, 57, 71) . Because expression of oligopeptides in external capsid protein loops was beset by instability problems as well as by a limitation on the length of peptides that could be expressed, expression from within the enteroviral RNA genome was studied. Two sites have since been used successfully, at the start of translation and at the junction of the viral capsid protein 1D and the viral protease 2Apro. Both sites permit the introduction of considerably larger foreign coding sequences. Expression at the start of enteroviral translation uses the viral protease 3Cpro to cleave at an artificially engineered recognition site to release the foreign polypeptide from the viral capsid protein 1A and nascent viral polyprotein (3, 42) . However, expression at the start of translation suffered from instability of inserted sequence as well as slowed viral replication (41, 46, 66) . In another approach, expression of foreign polypeptides between the enteroviral capsid protein 1D and the viral 2Apro relies on 2Apro to cleave in trans after it has performed its initial autocatalytic cis cleavage directly following translation (66) . Similar to expression using 3Cpro, 2Apro recognition sites are engineered between the foreign polypeptide and the viral protein to permit separation of the foreign polypeptide from the viral protein. In this way, a variety of PV-based vectors have been engineered to express antigenic polypeptides from human (HIV) and simian (SIV) immunodeficiency viruses (3, 19, 66) as well as from rotavirus, hepatitis B virus, and herpes simplex virus (41, 42, 72) . A PV vector expressing SIV Gag (p17) and Env (p41) induced both T-cell-mediated and humoral (including mucosal) immunities in primates (19) . An ovalbumin cytotoxic T lymphocyte epitope was expressed in a PV vector (39) as well as the antigenic urease B protein from Helicobacter pylori (50) and human interleukin-2 (IL-2) (6) . Two studies have used a CVB vector to express a foreign sequence. The exterior capsid protein 1D BC loop of CVB3 was used to express seven amino acids comprising the 1D BC loop of CVB4; this chimera induced neutralizing antibodies in mice against both parental viruses (57). More recently, Höfling and colleagues expressed the antigenic L1 loop of adenovirus type 2 (Ad2) hexon protein from within the ORF of an attenuated strain of CVB3 (27) . This chimera induced protective neutralizing antibodies against both Ad2 and the CVB3 vector, even in the presence of existing host anti-CVB3 immunity, suggesting the possibility of a CVB vaccine against the primary viruses that cause human myocarditis (34) .
To determine whether a CVB vector could stably express an intact biologically active protein that would also have a measurable biological effect in the mouse host, we used a CVB3 vector in which to clone the sequence encoding murine IL-4 (mIL-4), including the secretory signal. The mIL-4 coding sequence was placed at the P1-P2 junction, i.e., between the capsid protein 1D and the viral protease 2Apro, employing 2Apro to cleave the cytokine from the growing viral polyprotein. Two constructs were made to test whether foreign sequences were less stable in constructs with direct as opposed to degenerate repeats encoding the 2Apro cleavage sites. In this report, we demonstrate that mIL-4 expressed from a CVB vector is biologically active and that the mIL-4 coding sequence is detected in the viral genome through 10 passages in HeLa cells and through 14 days postinoculation (p.i.) in mice. Although coexpression of mIL-4 in the virus does not increase the murine host neutralizing antiviral antibody response with a single inoculation, it does increase the extent of CVB3-binding immunoglobulin G1 (IgG1), indicating that viral expression of this cytokine is biologically functional in the experimentally inoculated mouse host.
MATERIALS AND METHODS

Cells and viruses.
HeLa cells were propagated as monolayers in minimal essential medium (MEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 50 g of gentamicin per ml at 37°C in a humidified 5% CO 2 -air atmosphere. The murine mast cell line MC/9 was obtained from the American Type Culture Collection (ATCC, Manassas, Va.) and maintained as a suspension culture in MEM as described above. CVB3/0, an artificially attenuated CVB3 strain (16, 70) , was derived from the infectious cDNA copy of the viral genome (16) . Virus stocks were prepared by transfection of HeLa cell monolayers as described (16) , counted on HeLa cells, and stored in aliquots at Ϫ74°C.
Construction of murine IL-4-expressing CVB3 strains. We generated chimeric genomes that expressed mIL-4 (GenBank accession no. M25892) between the last encoded viral capsid protein (P1-D; hereafter called 1D) and the P2-A viral protease (hereafter called 2Apro). Flanking the foreign insert on either side are short sequences that encode the cleavage site recognized by 2Apro, the viral protease used to excise the foreign protein from the nascent viral polyprotein. The first CVB3/0-based cDNA construct that resulted in the virus CVB3/0-mIL4/47 contains a perfect 72-bp repeat (nucleotides [nt] 3275 to 3346; numbering according to GenBank accession no. M88483) encoding 24 amino acids (aa) (Fig. 1B) . This construct was obtained by PCR amplification of mIL-4 nt 88 to 507 (GenBank accession no. M25892) from the mIL-4 cDNA-containing plasmid p2A-E3 (ATCC) with primers IL41 (5Ј-AATATGAATTCCCGGGTA ATGGGTCTCAACCCCCAG) and IL42 (5Ј-GGCGCCCGTATTTGTCATTG TAGTGATCGAGTAATCCATTTG). These primers added a SmaI site upstream and a NarI site downstream of the mIL-4 cDNA. The SmaI-NarI digest of this amplified DNA was ligated to two restriction fragments of pCVB3-0 (16), an EcoRI-SfcI fragment (nt 2766 to 3337; all CVB3 numbering is according to GenBank accession number M88483) filled in at the SfcI cut end and a HinP1I-SpeI fragment (nt 3298 to 3838). The blunted SfcI end was ligated to the SmaI end of the amplified mIL-4 cDNA, and the NarI end was ligated to the HinP1I cut end of the second CVB3 cDNA fragment using a common overlap. The chimeric DNA was subcloned in a plasmid vector, pGem-3 (Promega, Madison, Wis.). The added sequences were designed so that when ligated with these restriction sites to the CVB3 cDNA, the mIL-4-encoding sequence would be in frame with the CVB3 ORF. The chimeric cDNA of the subclone was ligated to restriction fragments of pCVB3-0 using the EcoRI site (nt 2765) and an ApaLI site (nt 3466) to generate pCVB3/0-mIL4-47, a plasmid encoding the full-length CVB3/0 genome with an mIL-4 cDNA insert in the pSVN vector (16) .
We then generated a CVB3/0-based subclone with an inserted polylinker (containing BamHI, AvrII, EcoRV, and PstI sites) flanked by a nucleotide sequence encoding 2Apro cleavage sites: the downstream sequence encoding the 2Apro cleavage site has the altered nucleotide sequence. The duplication of the encoded 2Apro cleavage site was generated by PCR amplification of pCVB3/0 cDNA with primers containing mutated nucleotide sequence with restriction sites to generate two fragments: with ID5 (5Ј-CGACCTGGAGCTGACGTTT GT) and ID8 (5Ј-CTAGGATCCGAGGCTGCCCCTGATTGTTGTCC) to generate nt 2788 to 3323 with an added BamHI site downstream, and with 2APLY (5Ј-CTCGGATCCTAGGATATCCTGCAGGATTACAACTATGACTAACA CCGGGGCTTTCGGTCAGCAGAGTGGGGCAGCGTATGTGGGGAACT ACAGG) and DI-5 (5Ј-GGCAGTCACAGTGATCAGG) to generate a polylinker (BamHI, AvrII, EcoRV, and PstI) and a 50-nt sequence (70% identity with the wild-type 1D/2Apro) encoding 17 aa with the 2Apro cleavage site upstream of nt 3307 to 3949. The ID5/ID8 amplified cDNA was digested with BamHI and ScaI and ligated to a pCVB3/0 AvrII-ScaI restriction fragment (nt 2035 to 2818) in the XbaI (overlap with AvrII) and BamHI sites of the pBluescript II plasmid vector (Stratagene) to generate subclone 1. The 2APOLY/DI-5 amplified cDNA was digested with BamHI and SpeI and ligated with an SpeIScaI restriction fragment (nt 3838 to 5138) of pCVB3/0 into a BamHI-EcoRV restriction fragment to generate pBSPL1, a subclone of pCVB3/0 from nt 2035 to 5138 containing an in-frame insert with a polylinker and the downstreamencoded 2Apro cleavage site (with nucleotide sequence altered from the wild type). Because the ORF of the insert was in frame with that of the lacZ gene encoded by pBluescript II, the plasmid was digested with NotI to linearize the DNA, and the 3Ј-terminal overhangs were filled in with the Klenow fragment of DNA polymerase I and then religated to generate pBSPL2.
Enzymatic amplification of mIL-4 cDNA (nt 88 to 507) from plasmid p2A-E3 (ATCC) with MIL4C (5Ј-GGATCCAATGGGTCTCAACCCCCAGCTAGTT GTCATCCTGCTCTTCTTTCTC) and MIL4D (5Ј-GAGCATGCATGAGTAA TCCATTTGCATGATGCTCTTTAGGCTTTCCAG) generated DNA which was digested with BamHI and NsiI and then ligated into the BamHI and PstI sites of the pBSPL2 polylinker. A BglII-XbaI fragment of the pBSPL2-IL4 subclone was ligated into the BglII (CVB3 nt 2043) and XbaI (CVB3 nt 4948) sites of the pCVB3-0 plasmid to generate the infectious CVB3-IL4 chimeric genome pCVB3-PL2-mIL4-46.
Generation of virus stocks from plasmid-encoded cDNA. Both pCVB3/0-mIL4/47 and pCVB3-PL2-mIL4/46 were electroporated into cells in culture using 10 g of plasmid, 500 g of herring sperm DNA, and 10 6 trypsinized HeLa cells in 1 ml of OPTI-MEM medium (Life Technologies, Gaithersburg, Md.) using a Cell-Porator apparatus (Life Technologies) set to 300 V and 330 F. Electroporated cells were plated in MEM containing 10% FBS and 50 g of gentamicin per ml and incubated at 37°C in a humidified 5% CO 2 -air atmosphere for 72 h. This culture, termed pass 1, was harvested by two cycles of freeze-thaw lysis and cleared of cellular debris by centrifugation, and 0.25 ml was used to infect 5 ϫ 10 5 HeLa cells in monolayer culture to generate CVB3/0-mIL4/47 and CVB3-PL2-mIL4/46 stocks. Passages of virus were similarly performed, and the cells were then incubated at 37°C in 5% CO 2 for 72 h or until greater than 95% of cells showed cytopathic effect (CPE), followed by freezethaw lysis and centrifugation as described above. All stocks were stored at Ϫ74°C until used.
Single-step growth curves. The replication and yields of the chimeric viruses were compared to those of the parental strain CVB3/0 in single-step growth curves as described elsewhere (70) . Briefly, 10 5 HeLa cells were plated per well in 24-well clusters. On the following day, cell cultures were rinsed and the medium was replaced with 0.25 ml per well of medium containing virus at a multiplicity of infection (MOI) of 10 50% tissue culture-infective doses (TCID 50 ) per cell. After incubation at 37°C for 30 min, the cells were rinsed twice with 0.1 M NaCl and then refed with 0.25 ml of MEM. Cells were harvested by freezethaw lysis at various times p.i. and cleared as described above. Growth curves were determined in triplicate.
ELISA and biological activity assays for mIL-4. Enzyme-linked immunosorbent assays (ELISAs) were performed upon cell lysates from single-step growth curves and upon lysates of 10 6 HeLa cells inoculated at an MOI of 20 TCID 50 per cell with stocks from virus passages that were then harvested at 6 h p.i. The presence of mIL-4 protein was detected by ELISA using the Mouse IL-4 Cytoscreen Immunoassay Kit (BioSource International, Camarillo, Calif.). Briefly, virus-infected HeLa cell lysates and standards were bound to wells coated with mIL-4-specific antibody. A second biotinylated mIL-4-specific antibody was applied, which in turn was detected by streptavidin-peroxidase. Action of the peroxidase upon the substrate tetramethylbenzidine produced a chromogen measured by an EAR400AT ELISA plate reader (Labinstruments GMBH, Salz-burg, Austria) at 450 nm. The reading from duplicate lysates was compared to a curve of readings of duplicate wells of standards from 3.9 to 250 pg/ml. Lysates were thawed only once prior to ELISA.
The biological activity of the mIL-4 was determined using proliferation of MC/9 murine mast cells (37) measured using a modified MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium] assay (25) . Briefly, duplicate serial dilutions of lysates from cells infected with recombinant mIL-4 and uninfected (control) cells were plated with 5 ϫ 10 3 MC/9 cells in Dulbecco's MEM with 116 mg of L-arginine per liter, 36 mg of L-asparagine per liter, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids, supplemented with 6 mg of folic acid per liter, 0.05 mM 2-mercaptoethanol, 2 mM glutamine, and 10% FBS. A standard curve was derived using recombinant mIL-4 (BioSource International). Cells were incubated at 37°C for 40 h, after which MTT was added to 250 g/ml for 2 h at 37°C. An equal volume of freshly made 50% (vol/vol) dimethyl formamide-20% (vol/vol) sodium dodecyl sulfate (SDS; pH 4.7) solution was added and incubated at 37°C overnight to lyse and dissolve the chromagen. Absorbance at 570 nm was measured, and concentration of mIL-4 was determined by comparison to the recombinant mIL-4 standard.
Western blot analysis of viral proteins in infected cells. HeLa cells were inoculated with virus at an MOI of 50 and incubated for specific times, after which the medium was removed and the cell monolayer was lysed in reducing Laemmli buffer (36) . Lysates were stored at Ϫ74°C until use. The lysates were electrophoresed in SDS-containing 14% polyacrylamide gels (Novex, San Diego, Calif.) followed by electroblotting to Immobilon-P membranes (Millipore, Bedford, Mass.). Blots were blocked for 2 h in phosphate-buffered saline (PBS) containing 5% (wt/vol) dry milk and 0.5% (vol/vol) Tween 80 (PBS-Tween) and then washed four times with PBS-Tween. Blots were then probed for 1 h with a 1:1,500 dilution of the primary polyclonal horse anti-CVB3 neutralizing antibody (ATCC), which detects CVB3 capsid protein 1D (27) . The blots were washed four times as described above, then the primary antibody was detected using peroxidase-conjugated rabbit anti-horse IgG (Jackson ImmunoResearch Laboratories, West Grove, Pa.) at a dilution of 1:125,000. Detection of the capsid protein 1D was performed with an ECLϩ kit and Hyperfilm (Amersham, Arlington Heights, Ill.) as directed by the supplier. A Nucleo Vision Gel Documentation System (Nucleo Tech, San Mateo, Calif.) and software (GelExpert version 3.5) were used for the analysis of the visualized-detected capsid protein on the film.
RT-PCR analysis of viral RNA. Viral genomic RNA from chimeric virus stocks from each passage was isolated using Trizol LS reagent (Life Technology) according to manufacturer's instructions. Synthesis of cDNA was carried out in 20-l reactions containing 20 U of SuperscriptII reverse transcriptase (Life Technologies) in 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl 2 , 2 mM dithiothreitol, 0.5 mM deoxynucleoside triphosphates (dNTPs), 1 U of RNasin (Promega) per ml, and 1 l of specific primer (ID10 or KNIL4AS, each at 2.5 optical density units at 260 nm [ODU 260 ]/ml) for 1 h at 42°C. Following ethanol precipitation, the cDNA was used as template in 50-l PCRs containing 200 U of Taq polymerase (Promega) per ml and 1 l of each oligonucleotide primer (at 2.5 ODU 260 /ml) with 0.2 mM dNTPs, 10 mM Tris (pH 9), 40 mM MgCl 2 , and 50 mM KCl with the following cycling conditions: 1 min at 95°C, 1 min at 57°C, 1 min at 72°C; 35 cycles of 30 s at 95°C, 30 s at 57°C, and 35 s at 72°C; finishing with 10 min at 72°C and chilling. The CVB3 primers ID9 (5Ј-CTAGACTCTGCCAAT ACGAG; CVB3 numbering, nt 3201 to 3220) and ID10 (5Ј-CTCTACTAGAC CTGGTCCTT, reverse complement of CVB3 nt 3525 to 3544), which anneal to the CVB3 cDNA flanking the encoded 2Apro cleavage sites and the inserted mIL-4 cDNA, were used in reactions to amplify cDNA from viral genomes containing mIL-4 insert and deleted genomes. The DNA amplified with ID9 and ID10 from CVB3/0-mIL4/47 is 836 bp, that from CVB3-PL2-mIL4/46 is 830 bp, and that from the parental CVB3/0 is 344 bp. The mIL-4-specific primers KNIL4S (5Ј-TCTCAACCCCCAGCTAGTTGTCA; mIL-4 nt 93 to 115) and KNIL4AS (5Ј-GAGTAATCCATTTGCATGATGCTC; reverse complement of mIL-4 nt 483 to 506) were used to amplify DNA from within the CVB3-encoded mIL-4 sequences. The amplified DNA is 414 bp. Amplimers were analyzed on 1.5% agarose gels, and DNA migrating at the appropriate size was purified for sequencing verification.
Inoculation of mice and serological assessment of host response. C3H/HeJ male mice 3 to 4 weeks of age (Jackson Laboratories, Bar Harbor, Maine) were obtained, rested for 3 days, and then inoculated intraperitoneally with 5 ϫ 10 5 TCID 50 of either CVB3-PL2-mIL4/46 or CVB3/0 in 0.1 ml of unsupplemented medium as the diluent. Mice were sacrificed on days 1, 2, 4, and 14 p.i. Sera were isolated from clotted blood, aliquoted, and stored at Ϫ74°C. Neutralizing antibody titers against CVB3 were measured in a standed CPE reduction assay (27) . Virus-binding antibody was measured by a modification of a protocol described elsewhere (27) . Briefly, the ELISA was set up using 96-well flat-bottomed plates coated with a 1:1,000 dilution of hyperimmune horse anti-CVB3 serum (ATCC). CVB3 was then bound to the coated plates, followed by experimental mouse sera. IgG1 and IgG2a subtypes were assayed using reagents of a commercially available ELISA (mouse hybridoma subtyping kit; Roche Molecular Biochemicals, Indianapolis, Ind.). Relative amounts of CVB3-binding IgG1 or IgG2a in equal amounts of mouse serum were determined by the action of bound peroxidase-conjugated goat anti-mouse IgG1 or anti-mouse IgG2a upon 2,2Ј-azinodi-(3-ethylbenzthiazoline sulfonate) (ABTS) measured by absorbance at 405 nm.
RT-PCR evaluation of CVB3-PL2-mIL4/46 insert stability during replication in mice. Heart, pancreas, and liver were taken on days 1, 2, 4, and 14 p.i. from C3H/HeJ mice inoculated as described above with CVB3-PL2-mIL4/46. Frozen tissues were homogenized in Trizol LS (Life Technologies) followed by purification of total RNA per the manufacturer's recommendations. Complementary DNA was synthesized from RNA as described above, and PCR was performed using the CVB3-specific primers ID9 and ID10 on 5% of the total cDNA yield as described above. These CVB3-based primers do not amplify cDNA from uninfected mouse tissues.
RESULTS
Construction of CVB3/0-based strains that express mIL-4. Two CVB3 cDNA genomes encoding mIL-4 between the capsid coding (P1) region and the 2Apro coding region were constructed (Fig. 1A) . In the first construct, pCVB3/0-mIL4/ 47, the mIL-4 insert was flanked by a perfect repeat of 72 nt encoding 24 aa (P 7 to P 17 Ј, notations as per Schecter and Berger [62] ) (Fig. 1B) . To test whether the rate of loss of insert, presumably by recombination due to the perfect duplications, could be minimized, the vector genome was redesigned (based on the attenuated pCVB3-0 cDNA) with a polylinker followed by a sequence encoding 16 aa of the 2Apro cleavage site (P 7 to P 10 Ј) (62) downstream of the wild-type sequence encoding the 1D/2Apro cleavage site (Fig. 1B) . The repeated 2Apro cleavage site is encoded by 50 nt with 70% identity to the upstream nucleotide sequence. The polylinker restriction sites were then used to insert mIL-4 cDNA that had been enzymatically amplified to contain the appropriate restriction sites in frame with the CVB3 ORF.
Characterization of mIL-4-expressing CVB3 strains in cell culture. The strains CVB3/0-mIL4/47 and CVB3-PL2-mIL4/46 were assayed for replication rate and yield in HeLa cells using one-step growth curves, using the parental strain CVB3/0 as the control (Fig. 2A) . Both chimeric CVB3 strains replicated at rates similar to or slightly slower than that of the parental virus strain. CVB3-PL2-mIL4/46 yielded approximately 10-fold fewer virus than did CVB3/0-mIL4/47 when assayed between 8 and 20 h p.i. By 8 to 9 h p.i. under these conditions, HeLa cell monolayers show nearly complete CPE. To determine whether either chimeric CVB3 strain were expressing mIL-4 protein by ELISA, we assayed cleared lysates of HeLa cells that had previously been inoculated with CVB3/0-mIL4/47 or CVB3-PL2-mIL4/46. No mIL-4 protein was detected in uninoculated or CVB3/0-inoculated HeLa cells; according to the manufacturer, the ELISA used in this assay has no cross-reactivity with human IL-4 at up to 5,000 pg/ml. mIL-4 was detected in both cultures, with a peak of mIL-4 production occurring at approximately 6 h p.i. for CVB3-PL2-mIL4/46 and 8 h p.i. for CVB3/ 0-mIL4/47 (Fig. 2B) . The chimeric virus CVB3-PL2-mIL4/46 expressed 1.5-fold-more mIL-4 (11 pg/10 5 cells) at its peak of production at 6 h p.i. than the did the CVB3/0-mIL4/47 chimeric strain (7 pg/10 5 cells) at 8 h p.i. (P Ͻ 0.05). As MC/9 cells proliferate as a function of the concentration of mIL-4, the biological activity of the CVB3-expressed mIL-4 in HeLa cell lysates harvested at 6 h p.i. was determined on MC/9 cell cultures. Supernatants from uninoculated HeLa cultures or control CVB3/0-inoculated HeLa cultures did not stimulate MC/9 growth, consistent with the absence of detectable mIL-4 in these cultures by ELISA. Specific activities of the CVB3-expressed mIL-4 were derived from the ELISA protein concentration data and the biological activity data measured on MC/9 cells. The CVB3-expressed mIL-4 specific activities were between 0.13 and 0.61 U/pg compared to a standard curve using purified recombinant mIL-4 as determined by ELISA and did not vary significantly as a function of the recombinant CVB3 strain used; however, the specific activity of purified recombinant IL-4 is approximately 100-fold greater (55) than that expressed by either CVB3 strain. These data demonstrated that both chimeric CVB3 strains efficiently produced biologically active mIL-4. Although CVB3/0-mIL4/47 replicated to higher titers than CVB3-PL2-mIL4/46, ELISA quantitation of mIL-4 production in the growth curve demonstrated that CVB3-PL2-mIL4/46 produced mIL-4 earlier and at higher yields than CVB3/0-mIL4/47.
Western blot analysis of CVB3 capsid protein 1D processing. Efficient replication of either chimeric virus requires efficient cleavage by 2Apro of the mIL-4 protein from the nascent CVB3 polyprotein. Although the processing of the mIL-4 protein was inferred to be efficient from the similar growth curves of the chimeric and parental viruses, we used Western blots to assay the relative amounts of capsid protein 1D in HeLa cells inoculated with either of the chimeric strains or with the parental virus. Analysis of inoculated cells isolated between 5 and 9 h p.i. demonstrated that CVB3/0-mIL4/47-and CVB3-PL2-mIL4/46-inoculated cells yielded slightly more capsid protein 1D than cells inoculated with the parental CVB3/0 virus (Fig.  3) . Comparison of the 1D yields in CVB3/0-infected HeLa cells showed approximately twofold less 1D protein than in cells inoculated with either of the chimeric virus strains. The difference in viral protein production was not inferred from the single-step growth curves ( Fig. 2A) , in which chimeric strains generated lower yields of virus than the control. We did not observe evidence of a larger capsid protein 1D band, such as might be expected from a fusion protein consisting of protein 1D and mIL-4 had the 2Apro been significantly delayed in cleaving at that site and as has been observed for another, similarly constructed CVB3 chimeric strain (27) . We could not detect mIL-4 on Western blots despite repeated attempts with a commercially available anti-mIL-4 antibody (R&D Systems, Minneapolis, Minn.).
Stability of the mIL-4 coding sequence in the chimeric CVB3 strains. Although foreign polypeptides have been successfully expressed at the site between capsid protein 1D and the viral protease 2Apro in PV vectors, partial or complete deletions of the foreign insert have been reported. Andino and colleagues ascribed a degree of insert instability in a PV vector to the presence of identical repeat sequences encoding the 2Apro cleavage sites, an instability that could be largely overcome by the use of nonidentical coding sequences that presumably slowed the rate of homologous recombination (66) . We examined the stability of the mIL-4 coding sequence in the presence of direct repeats encoding the 2Apro cleavage sites (in strain CVB3/0-mIL4/47) versus 2Apro cleavage sites that had been engineered to be 30% nonidentical without changing the amino acid sequence (strain CVB3-PL2-mIL4/46).
Beginning with transfection stocks, both chimeric viruses were passaged on HeLa cells. Virus stocks made at each passage were used to prepare viral RNA for RT-PCR of the region containing the insert. Using PCR primers located inside the mIL-4 coding sequence, RT-PCR analysis of RNA from CVB3-PL2-mIL4/46 demonstrated maintenance of the mIL-4 coding sequence through 10 passages in HeLa cells (Fig. 4C) . In contrast, we observed rapid loss of the mIL-4 coding sequence in CVB3/0-mIL4/47 (Fig. 4D) beginning with the second pass and an apparently complete loss by pass 4 to 5. Examining all viral genomes in the population using PCR primers located outside the insert site, we observed that a smaller amplimer, consistent with a deleted genome, began to appear in CVB3-PL2-mIL4/46 passages 5 and 6 (Fig. 4A) . Sequence analysis of this band verified it as from a CVB3 genome in which the insert had been lost through recombination in the sequences encoding the repeated 2Apro, encoding a protein sequence identical to CVB3/0; the deletion returned the CVB3 genome to the wild-type sequence and maintained the ORF of the virus, suggesting that the deleted genome was viable (data not shown). Although this deleted genome was present in the population, it did not become the primary population in the passage of CVB3-PL2-mIL4/46 until pass 8 or 9. These data concur with those ( Fig. 4C) showing that the mIL-4-specific amplimer is present through pass 10. However, in a similar analysis of the passaged CVB3/0-mIL4/47, the deleted genome appears and becomes the major population by the fourth passage of the virus (Fig. 4B) . This rapid loss of the CVB3/0-mIL4/47 mIL-4 coding sequence and the rapid dominance of the deleted viral genome is consistent with the loss of mIL-4-specific signal at pass 4 or 5 in Fig. 4D .
To some degree, the discrepancy between the two RT-PCR assays of the viral genomes (the greater signal with the mIL-4-specific RT-PCR than of the undeleted genome with ID9 and ID10) can be explained by competition for amplification of the multiple products generated by priming with ID9 and ID10. Amplification of mixes of pCVB3-0 and pCVB3/-mIL4/47 at different ratios have demonstrated that the shorter product is preferentially amplified (data not shown), an observation that has also been made by others (46) . Furthermore, expression of mIL-4 protein in lysates from cells infected with serially passaged virus stocks is consistent with the loss of the mIL-4 sequences and the dominance of the deleted genome.
The mIL-4 protein concentration falls sharply in lysates of cells infected with passage 2 to 3 of CVB3/0-mIL4/47 and is not detectable in those infected with passage 5, in which mIL-4 cDNA is also undetectable by RT-PCR (Fig. 4D) . The mIL-4 concentration remains constant in lysates of cells infected with passages 2 to 7 of CVB3-PL2-mIL4/46 but begins to decrease with passages 8 and 9, virus populations in which a significant proportion of the deleted genome is detected (Fig. 4C) . Although reversion to the wild-type genome through loss of the mIL-4 coding sequence suggests that there is a cost to the increase in the length of the polyprotein and to the requirement for processing by 2Apro in trans, the slower loss of the mIL-4-encoding genomes in the passage of CVB3-PL2-mIL4/46 demonstrated that alteration of the sequence encoding one of the two 2Apro cleavage sites correlates with a reduced rate at which the reversion occurs.
Stability of the mIL-4 coding sequence in CVB3-PL2-mIL4/46 as a function of replication in the murine host. To determine the stability of the mIL-4 coding insert in the more stable chimeric virus CVB3-PL2-mIL4/46 during replication in the murine host, C3H/HeJ mice were inoculated with the virus. Mice were sacrificed at 1, 2, 4, and 14 days p.i., and liver, heart, and pancreas were assayed for the presence of CVB3 RNA containing the mIL-4 insert by RT-PCR (Fig. 5) . In this assay using RNA from mouse tissues, as opposed to the assay in HeLa cells, which do not transcribe a IL-4 mRNA, we used primers in the CVB3 genome on either side of the insert site (ID9 and ID10) for one PCR. Assays of heart, pancreas, liver, serum, and fecal contents from five individual mice at days 1 to 4 p.i. showed that mixed populations of full-length and deleted genomes were present (data not shown). Although deleted genomes were present in these tissues within 24 h of infection, the mIL-4-encoding genomes remained detectable in pancreas, liver, and heart as long as 14 days p.i. (Fig. 5) .
Murine antibody response to mIL-4 expressed in CVB3-PL2-mIL4/46. In order to determine whether mIL-4 expressed by the recombinant virus CVB3-PL2-mIL4/46 induced a measurable biological effect in mice, we assayed both titers of antiviral antibodies and levels of IgG subtypes as a function of inoculation with the chimeric versus the parental virus strain. Although mice inoculated 14 days previously with either CVB3/0 or CVB3-PL2-mIL4/46 demonstrated detectable levels of serum anti-CVB3 neutralizing antibodies, mice inoculated with CVB3/0 neutralized CVB3 at dilutions of between 1:64 and 1:512, while anti-CVB3 antibody titers in sera from mice inoculated with the CVB3-PL2-mIL4/46 chimeric strain were lower at 1:32 to 1:128. Sera were also assayed by ELISA for IgG1 and IgG2a isotypes of CVB3-binding antibody, comparing them to sera from control mice not inoculated with CVB3 (Fig. 6) . Sera from mice inoculated with CVB3/0 had an average 5-fold increase in CVB3-binding IgG1 and 37-fold increase in CVB3-binding IgG2a compared to sera from uninoculated control mice (Fig.  6A ). Mice inoculated with CVB3-PL2-mIL4/46 averaged a 15-fold increase in CVB3-binding IgG1 (three times more than that induced by CVB/0) and a 30-fold increase in CVB3-binding IgG2a. Of the five sera from mice inoculated with the mIL-4-expressing CVB3-PL2-mIL4/46 strain, two showed no significant increase in CVB3-binding IgG1 compared to CVB3-binding IgG1 from CVB3/0-inoculated mice. However, sera from the other three mice contained a 21-to 24-fold increase in the concentration of IgG1 over control mice sera, compared to the average 5-fold increase in the sera from CVB3/0-inoculated mice, a significant difference (P Ͻ 0.05). No significant difference was observed in the levels of CVB3-binding IgG2a from either group of CVB3-inoculated mice (Fig. 6B) .
DISCUSSION
We describe here the first reported cloning and expression of a biologically active cytokine from within the genome of an artificially attenuated strain of CVB3. The CVB3 protease 2Apro cleaves mIL-4 from the nascent CVB3 polyprotein efficiently, as judged by similarity of growth curve kinetics and virus yields between chimeric strains and the parental virus, as well as by Western blot analysis. The mIL-4 that is synthesized by the chimeric CVB3 strains is biologically active, promoting the proliferation of the mIL-4-requiring cell line MC/9. Using two variations of chimeric virus that differ in the sequences encoding the 2Apro recognition sites, we demonstrate that significantly greater stability of the mIL-4 coding sequence in the CVB3 genome is associated with nonidentical sequences encoding the 2Apro cleavage recognition sites. Indeed, inoculation of mice with a single dose of CVB3-PL2-mIL4/46 generates viral populations in heart, liver, and pancreas which still contain the mIL-4 coding sequence at 14 days p.i. Mice inoculated with the more stable of the two chimeric strains have higher levels of IgG1 than mice inoculated with the parental CVB3 strain or uninoculated mice, demonstrating that expression of mIL-4 by an enterovirus has a measurable impact on the host immune system.
Expression of foreign protein sequences in enteroviruses has evolved from the expression of oligopeptide sequences in external capsid protein loops (4, 5, 18, 20, 22, 31, 35, 38, 40, 43, 47, 57, 58, 74) to the expression of polypeptides and proteins from within the enteroviral ORF. Chimeric PV have been made with inserted sequences encoding foreign antigens placed at the 5Ј end of the PV ORF (3, 42) and between the P1 and P2 region (41, 66) . Constructs with inserts at the start of the viral ORF produced temperature-sensitive virus (41, 66) , which rapidly generated deleted viral genomes in which most or part of the foreign insert was lost; the virus population in passage rapidly became dominated by these viruses (46) , which entailed a concomitant loss of potential for generating an immune response to the foreign antigen (66) . Inserted sequences in PV-based chimerae at the P1-P2 junction utilizing 2Apro to process the foreign protein from the PV polyprotein were more viable and not temperature sensitive, although inserts were deleted rapidly by recombination at the direct repeat of sequence encoding the 2Apro cleavage site (66) . When one of these repeat sequences encoding the 2Apro recognition site was mutated to decrease the percent nucleotide identity, the stability of the recombinant viral genome in passage was substantially increased (66) . Work presented here with two CVB3/ mIL-4 chimeric strains confirms and extends these stability data to CVB, showing that enhanced foreign insert stability is associated with the use of dissimilar sequences to encode the 2Apro cleavage sites. PV-based chimerae with inserts of up to 700 nt (resulting in genomes 110% of the wild type in size) have been retained in the viral population for at least three passages (66) , but work with diverse antigens demonstrates that stability is to some extent dependent upon the sequence inserted in addition to the increase in genome size. By comparison, the mIL-4 coding sequences used in the current study added 420 nt to these genomes (106% of wild-type size) and were stably maintained through 10 generations in cell culture and were still detected at 14 days p.i. in mice. Creation of a vaccinia virus-based helper packaging system permitted the production of larger chimeric PV genomes in which the capsid coding region could be replaced with entire HIV-1 proteins or with IL-2 (6, 54); similar work using CVB3 capsid proteins donated in trans from a plasmid vector have been reported (32) . Such enteroviruses lacking the ability to produce infectious virus are limited to a single round of replication, potentially limiting their use as a vector for immunomodulatory proteins such as ILs.
We noted that while both chimeric CVB3 strains in this study replicated to 5-to 10-fold lower levels than the parental CVB3/0 virus, these strains also demonstrated an approximately 2-fold increase in production of viral proteins, as judged from detection of the viral capsid protein 1D on Western blots. We hypothesize that this effect may be due to somewhat slowed processing of the viral polyprotein at the 1D carboxy terminus because of the change from a cis to a trans cleavage by 2Apro in the chimeric constructs. In turn, slower capsid protein processing could result in slowed encapsidation of the viral mRNA. Slowed encapsidation might then be reflected as lowered production of infectious virus and would increase the amount of viral mRNA potentially available for translation, as only newly replicated RNA is encapsidated (51) . We have observed a similar but more pronounced effect of delayed processing at the 1D carboxy terminus in another chimeric CVB3 genome that encodes an Ad antigenic polypeptide (27) . In this CVB3-Ad chimera, the impaired 2Apro processing resulted not only in greater amounts of viral protein translated earlier in the replication cycle than in the control parental virus-infected cells, but in nearly equimolar levels of a fusion protein consisting of the capsid protein 1D and the Ad polypeptide as well. We did not detect this type of fusion product in the CVB3/mIL-4 strains characterized in this report. The overproduction of mIL-4 from CVB3-PL2-mIL4/46 in comparison to CVB3/0-mIL4/47 correlated with a slight decrease in virus yield from CVB3-PL2-mIL4/46-infected cells compared to CVB3/0-mIL4/47-infected cells. Although these two viruses are very similar, there is a decrease in the size of the repeated amino acid sequence containing the 2Apro cleavage site from 24 aa in CVB3/0-mIL4/47 to 17 aa in CVB3-PL2-mIL4/46. Studies of enterovirus and rhinovirus 2Apro cleavage specificities have indicated that the amino acids from P8 to P1Ј have the most importance for proteolytic processing (26, 64; reviewed in reference 61). However, it is possible that the in vitro experiments which defined the importance of P8 to P1Ј for cleavage would not detect slight effects upon cleavage from neighboring sequence. Indeed, we did not detect fusion proteins consisting of CVB3 capsid protein 1D and mIL-4 in cell lysates. Slight effects on protein processing can be amplified by the interdependence of translation, RNA replication, and encapsidation of the picornavirus replication cycle, as only newly synthesized viral RNA is packaged (51) and only translatable RNAs are replicated (49) . This suggests that a decrease in packaging due to a slightly slowed processing at the carboxy terminus of 1D could result in enhanced viral protein production and decreased virus yield, even when decreased processing at the 1D carboxy terminus is too small to detect in Western blots. We are investigating the connection between delayed processing and overproduction of viral proteins using inserts for which more sensitive detection methods exist.
The delayed processing and overexpression effect that we have observed would also attenuate the chimeric virus for replication to some extent and may also help to explain, at least in part, the increase in the viral population of deleted genomes as the virus strain is passaged in cell culture. Minimized identity of the sequence encoding the 2Apro cleavage site in CVB3-PL2-mIL4/46 correlated with increased stability of the mIL-4 coding sequence, and we speculate that the decrease in identity of the repeated sequence decreases the overall rate of homologous recombination, similar to results reported in PV systems (66) . Although by passages 8 and 9, the CVB3-PL2-mIL4/46 virus population contained deleted genomes, the chimeric genomes were still present and expressing mIL-4 upon infection of cells.
Although we demonstrated that CVB3-PL2-mIL4/46 retained the mIL-4 coding sequence for days following inoculation and during replication in mice, we observed no potentiation of the murine humoral response against the CVB3 vector in terms of an increase in antiviral neutralizing antibody titers. Although the chimeric strain induced a robust host immune response against CVB3, the lower level of anti-CVB3 antibodies observed may be due to lower titers of virus replicating in the mice. The responses of the T helper cells to antigens have been characterized as Th1, Th2, or a predifferentiation state, Th0 (45; reviewed in reference 44). Characteristic Th1 immune responses are cell-mediated immune response include the production of IL-2 and gamma interferon, and promote the production of cytotoxic T lymphocytes and switching of antibody isotypes to IgG2a. Th2 responses promote humoral or allergic immunity, generate a cytokine profile which includes IL-4, IL-6, IL-9, and IL-10, and promote switching to IgG1 and IgE. Expression of IL-4 can promote the establishment of Th2-type immune responses (65) . As pathogenic Th1 immune responses have been noted both in myocarditis (30, 33, 63) and in insulindependent diabetes myelitis (reviewed in reference 67), treatment with cytokines has been used to help alter immune responses: treatment with IL-4 and IL-10 has been used experimentally to decrease myocarditis and diabetes (12, 48) and can be used to enhance recruitment of T helper cells to an appropriate response or to suppress the effects of a pathogenic response (reviewed in reference 52). Our observation of an increase in CVB3-binding IgG1 in CVB3-PL2-mIL4/46-infected mice relative to mice inoculated with the parental CVB3 strain indicates that mIL-4 encoded in the viral genome is capable of impacting the murine immune response. As the cytokine is also produced in cells infected with the virus, the effect on the immune response to the virus is that most likely to be changed by the cytokine. This occurs despite low levels of neutralizing antibody in these mice. The CVB3-PL2-mIL4/46 virus replicates to 10-fold lower titers than the parental virus strain in cell culture, and it is also attenuated for replication relative to the parental strain in mice (data not shown). That it generated a significant immune response and increased Th2-type isotype switching despite this attenuation following a single inoculation of virus demonstrates the ability of this vector to deliver a biologically active molecule. Increased biological effect may require increases in dosage or repeated inoculations of such viruses which are attenuated for replication. We are pursuing these questions as well as the extent of expression of CVB3-expressed mIL-4 in tissues using mIL-4 knockout mice.
We cloned and expressed the entire ORF encoding mIL-4 (73), a sequence that also encodes the secretory signal. We did not observe secretion of mIL-4 into the medium in HeLa cells infected with CVB3-PL2-mIL4/46 that could not also be accounted for by cell lysis due to the infection; biologically active mIL-4 was retained within infected cells. The lack of secretion of mIL-4 may be due to effects of this enterovirus upon the secretory pathway in HeLa cells; the closely related PV have been shown to rapidly shut off this process (17, 21) . Although signal sequences in the context of dicistronic PV have been shown to have a lethal effect on chimeras (38, 39) , other PV chimeras with signal sequences inserted at the P1-P2 junction have shown secretion, as measured by glycosylation of encoded foreign proteins expressed in cell culture (66) . The ability of PV replicons to also express glycosylated proteins from downstream in the ORF (2) suggests that a secretory sequence at the start of an ORF may be more attenuating than those imbedded within a polyprotein. Although it may be possible to have the encoded foreign protein enter the endoplasmic reticulum, the activity of the CVB3-expressed mIL-4 is probably not dependent upon secretion. Biologic effect of mIL-4 in mice alone is not sufficient to infer secretion; the encoded IL-4 (fused with P1 proteins or processed by 2Apro) would be released upon cell lysis, and fusion proteins incorporating IL-4 have been shown to promote the immunogenicity of proteins (44) . In this work we have shown an effect on the immune response of the murine host to the vector (CVB3) of the encoded mIL-4. Further work will demonstrate the extent to which the encoded ILs affect other immune responses in infected hosts.
